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1. Introduction

El in this report a study has been made of the Induced currents 
on

a two-wire (parallel-cylinder) transmission line due to Incident field

excitation. The basic assumptions are that the wires are perfectly

conducting, parallel, infinitely long and that their radii are very

small compared to the wavelength of the excitation. Thus, the induced

currents along the wires are oriented in the direction of the cylinder

axis of each wire, they are independent of the azimuthal angle around

each wire, and hence we may replace each wire by an equivalent filament.

Boundary conditions are applied at the wire surface so that wire thick-I ness is taken into account. Previous work related to this problem
included Schelkunoff's Laplace transform solution [1) and Karin's

transient solution j2] of the two-wire problem.

The formulation of the problem is effected by using the spectral

concept. The excitation field has been resolved into its Fourier

(spatial) components and the induced current has been expressed in terms

of a superposition integral. First, the case of plane wave excitation

has been treated. This led to a straight-forward solution of the integral

representation and a simple solution for the induced currents. Using

the results, the variations of the induced currents have been shown as

a function of the distance between the wires (while the ratio of the

distance between the wires to the radius of the wire has been kept fixed).

Also, the variation of the currents has been shown as a function of the

radius at the wire (while the distance between the wires has been kept

-4 fixed).

Spec ial attention has been paid to the case of voltage source

excitation. In this case, by deforming the contour of integration in

the induced current formulation and applying Cauchy's theorem, one



obtains the solution in terms of the so-called leaky modes, the TEM mode.

and a continuous spectrum. The leaky modes are not proper solutions of

Mtaxwell's equation and. in contrast to the discrete eigenmodes, which

exist in regions of finite extent bounded by im~permeable walls, do not

possess orthogonality and completeness properties, and therefore must

be supplemented by a continuous spectrum of characteristic modes to permit

the representation of an arbitrary function. Nevertheless, despite

their physically unacceptable behavior in the entire domain, they can

be employed to obtain a convergent representation of the field solution

in certain regions.

The preceding modal solution maybe obtained via a straight-forward

approach using the general network parameters of the method of moments [3).

Solving for the zeros of the total Impedance of the system leads as

expected to the same equation that determines the poles of the integrand

in the integral solution for the induced currents.

The influence of the electrical dimensions of the structure on the4

induced currents and the relative importance of the higher modes are examined

by concrete numerical examples. By looking at the results, it can be

readily seen, as one can expect, that the attenuation constants of the

higher modes decrease as the distance between the wires is increased.

In contrast, the attenuation constants increase for fixed distance bet-

ween the wires as the radius is decreased. The magnitudes of the TEM

A and the higher order modal currents have also been compared at a fixed

* point along the z axis. As one proceeds along the z axis, the higher

order modes are attenuated exponentially, while the TEM remains constant.

These studies apply particularly to problems involving high
L.f

frequency excitation, such that the wire beparation is comparable to

or larger than a wavelength, in which ctnse the usual TEN mode analysis

is inadequate.

2
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11. Formulation of the Problem

Consider the prohlem of two perfectly conducting, pArallel, thin,

infinitely long wires with radii a separated by a distance d. The a-

directed induced currents on the wires are due to an incident field

excitation which may be either symetric or antisyvetric as shown

in Figure 1. The symmetric excitation (which consists of two plane waves)

d
yields a magnetic wall at y - . Similarly, the antisymetric excitation

d
yields an electric wall at y - An arbitrary plane waie can be

represented in terms of a sum of symetric and antisymmetric excitations.

We assume that a << 1 and << 1, where X is the wavelength. Thus, the

induced current is along the cylinder axis of each wire, and is independent

of the azimuthal angle around each wire.

The magnetic vector potential for this problem is given by (for

exp(jkt) time convention)

A (x~y,:) - Z�(xyz) (1)

where

T.-(xykz) f I+ W) +_ _ -y 0 4- xI+ y2 + a a - z')

e-jk/2 + (y - d) 2 + (z - ,)2 )

e dz' (2)

47r x + (y - d) + ýz - z'.) J
I(z) denotes the current along the wire, xyz, are the coordinates of

a field point in a rectangular coordinate system, z' is the coordinate

of a source point, k is the wavenumber, and the upper and lower signs

are for symmetric and antisymmuetric excitations, respectively.

The Fourier transform of T(xy,z) with respect to the cylinder

3I
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axis z is,

-jkzz
Yi÷(x,y,k)_= f (x,y,z)e _ .dz (3)

and it may be given by,

_+(x,y, k, = W +(k) [H2) (k,,l) ± H() (kop2) o (4)

where lI+(kz) is the transform of 1,(z); k the radial wavenumber is defined±. _ p

as

kp (k 2  k2 ) 1  
(5)

9 1/2 2 = '2
and p1  (x" + y2 ) /2 [x- 4 (y - d)2]1/2

21
The H is the Hankel function of the second kind of zero order, and

we have used the identity [41

sin () (4) my H(2) (krp) e dk(/P2 + z2 2j o

According to our assumption 1. Therefore we can make the following

approximation !

/-2 - 2

+(y - d2 2 2 2 "' dl - T).-- (7)

Using (7), (4) may be simplified for'\x- + y- I - andc we ohitilil,

V1 (21)

T,=•'u+ (x' Y'kz- 2j 1 ~ 1-- (k) d Ho2) (k it) .I t( (k d)jl (8).

x 2 +y k a

[•flThe z-directed scattered field due to LIhe Induced currents Is obtainedI

[..:.•from Y according to

•"+ Ek (xyz 2 k2). (x, yZ

JW 2V%- + z (9)

The field can also be written as a function of •,the FItnrier transform



of T. Using the inverse transform of (3), namely

ý(X (x,y,kz)e jkz (10)

and substituting (10) into (9) results in

S2 2 k2
(x?) 1 k -k dkz

ES --zE + y? 2r J WE Y(~~ z ) kz (11)

Hence, the transformed solution to the field is readily given by

ks2 _ k2

E (x,y,k j ' z (x,y,k (12)
+

where T is given, for the general case, by (4).

The total z-directed field, with the conducting cylinders present,

is the sum of the incident and scattered fields, that is,

i 5E z + Eiz + EsZ

For each cylinder the boundary condition E = 0 must be satisfied on the

cylinder surface. Without loss of generality, we can deal with the cylinder

centered at the origin. Thus, we obtain

Ei (x,y,z) + Es (x,y,z) -0 (13)SZ+ Z+[ 2 2 2Ix + y a < z <00

The transformed solution of the field should also satisfy (13), that is,

E (x,y,k) + E (x,y,k) 0 (14)Az+ z +2 2 2
± ± Ix2 +y = a

where
-i _j z

Ei (x,y,kz) E J (x.y,z)e dz (15)

'and

SO(x,y,k ) is given by (12).
z z

Using Es together with the approximate i±of (8) in (14) results in the
Z+



following expression for the transformd current

z Ix 2 +yV 2 W2a2h+(k) ax +y a (16)2k(i 2n (k a :) (kd)
S0 0 o p

Applying scraight-forward inverse transform on (16), one readily obtains

the current on the wire. We have,

1(a)~I +~ r ~ xyk 2 um aa2  ik1(17)I k k2 ,H.2) (k a) ± H(2)(d e dk)]7

In case of an incident wave which is neither symmetric nor antisymometric,

it may be represented as a superposition of symetric and antisylmetric

incident waves as follows

E - E + E

and the currents will be given then by
S-(Z) (Z) + I(:)

+( (18)

for the wire centered at x - 0, y - 0 and

, 2(z) - I+(z) - t (z) (19)

for the wire entered at x 0 0, y - d. From (17) we quote

"- Zi. (xyk Z)I 2 2  .kzz
T 2 H 2 ( (z (2 dkT+( k 2 kH (2)(ka) + H (2)(k d)l

hl . (xyk_)z 2 2 2 jkz z

-- ( ) e dk (20)k- " .2- (2)(k a) H H~2 (k (d)]

�� '7



In. Plane Wave Excitation --

Figure 2 shows a plane wave incident upon the two-wire structure.

The electric incident field has been divided into the sum,

E + E in (21)

The subscripts h and e denote H and E polarizations, respectively. H

modes are those for whicb E is parallel to the plane spanned by the and •

R represents a unit vector in the direction of propagation; the carat

represents a unit vector. E modes arethose for which E is normal to this

plane. Hence, we have

inc inc .x_(22
E E *(k xz)] 2x 1 (22)-e -I• x •1

inc inc Einc

-h-e

Since we have already limited ourselves to a thin wire problem which can

be replaced with a filamentary model, the E-polarized component does

not contribute to the induced current. Therefore we will consider only

the H component. The last is given for the incident wave depicted in

Figure 2 by

inc
E (x,y,z) E 0o(-i cos 6o cos 0 - cos ( sin o +

-=h 0 0

+J(k +k + k zoZ) (24)
0sinA)e

where k ky0k kZ0 9 the axial wave numbers are
x yo

k = k sin 9 cos ýo, k - sine sin 0 ,and k = k cos e , (25)
xo o0 yo 0 o 0o

and Po, % are, respectively, the polar and azimuthal angles of the

incident wave in spherical coordinates.

inc
The z component of E may be represented as a sum of symetric

and antisymmetric incident waves as follows

inc inc inc
E E + E (26)

z z+ Z

.., 'I :• •

• •~~~~~~~~~~~... ..•.;.........-.• .. .. •,:•:._... . ,.
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Fig. 2 A plane wave incident upon the two-wire structure.



inc-where En, the symmetric excitation, is given by
2+

Ii÷

Ein z -1 J(kx + k y + k z)
Etnc(xYO) "I Eosin eo[e XO yo o+t+

J[kxo + kyo(d - Y) + kzoZ] (27)

EinC
and E , the antisymetric excitation, is biven by

J(kx + k yo k Z)

E nC(xy,z) " sin (e XO YO O
z * 2 0

IJ[kxoX + kyo(d - y) + k z] (28)e]

The transformed field is readily obtained by applying the Fourier

transform. We have
-nc -iinc + -inc

z z+ y_ (29)

where

E (x,y,k ) - sin0 oe fe Yo + e Yo ]6(k ko) (30)

jk x jk y Pi. (d -y)kxo ~~yoY Jyo~d-y
E (xyk z) = ESin e [e - e ]6(kz- kz) (31)
z z 0 0 zo

where the 6 denotes theimpulse function. For x2 + y2 a2 <

(30) and (31) reduce, respectively, to,

jk d
E (xyk) Eosin 00(l + e y) 6(k -k) (32)

- + Z x2 + y2 a 2 z

and

jk d
E (xyk) 2  2  2n E sinel -6 eyod) 6(k 5 -ko) (33)D Z)j2 2 a 2 O z

substituting (32) and (33) in (18), (19) and (20) yields

jkyd djkd
0E 1 + e ek dI1) " 00o H(2)(k a) + H(2) (k d) H (2) (k a) - (2)(kod)(kp)- [i a) le o. 0 0 i

(34)

10
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Pot thc wire centered at x - Oy -0 and

I,( 2~ r 1 + k d jk d
I (

- k LOaR2)k a) + H (2) (k *d) R (2) (ka X- 2 'P5
(35)

for the wire centered at x - 0, y - d where k Po the radial wave
k2 2 )1/2

number. is k 0 (k2 - o - k sin e and n denotes the characteristicI 0a
impedance of the medium given byn - ()*

Equ&tions (34) and (35) reduce properly in some limiting cases.

For 80 = j - wr we deal with a plane wave, Ez - 0  . Taking

the limits kd - a and ka -o 0, and using large argument and small argument

formulas for H (2), we obtain

0I(Z) j J tfl(ka) (36)

which agrees with Harrington's result [5) for the total current

induced on a single thin wire due to identical excitation.

_-1
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IV. Solution of the Superposition Intearal in Terms of the TEN Mode and the

Leaky Modes

The integral representation for the current [Equation (174 is re-
N(

written for convenience as

f+(kzxY) 2 e 2 a e dk2  (37)

where -i (x,y,k 2 2 2

f, (kzxy) 26:c z+ x2 + 2 a
I. 2 +x y)x 2 a2 k 2 [HT (2) (ka 2) (k d)]- tx+ y - a k2IHo (k °a) ± ]

c 0 o 0 d)

The singularities of the integrand are two branch points at k * ±k.z

On introducLng a small loss perturbation one finds that for positive

values In the z direction (z > 0), the contour runs on the top sheet

of the kz plane along the real axis, below the branch point -k and above

+k. If the integrand in (37) does not have poles in the upper half

of the top sheet of the k plane, it becomes possible to deform thez

original path of integration, the real axis, from -• to +- , to a

new path ABCD as shown in Figure 3. The path ABCD may be modified by

letting it cross the branch cut twice, entering into the bottom sheet

in this process. The portion of the path in the lower sheet, namely

C', may now be deformed into a new path C", as shown in Figure 4, with

the purpose of improving the convergence of the integral [2, 6, 7]. In

the process of carrying out the last step, we cross the poles of the

integrand in (37). These poles are solutions of the eiuation

H2 (X - k2a) ± ( ( - kd) - 0 (38)

0z 0 Z

Equation (38) corresponds to Equation (30) of Marin [2]. Lying in

the second quadrant of the k plane, these poles are associated withz

fields that decay as they propagate in the z direction. However, since

12
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Fig. 3 Illustration of the contours ABDC and ABC'D.
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these poles belong to the bottom sheet of the k* plane, the fields

associated with them show a growth behavior in the transverse dirtetion.

For this reason, these modes are referred to as the improper, or leaky,

• ~~modes [7).:_;.

In this fashion, when deforming the contour no contribution will

arise from any et.gent of the infinite circle (A + D) on the proper sheet

of the complex k1 plane. On applying Cauchy3 thiores, one has

I~() ~jesiduIes of f(f (k vxsy j2+ý, ~ exp(jk 2))

at the leaky poles when C' is deformed to C".

+ f.(kzxy)I 2 2 exp(jk z)dk (39)

B + ~ +

The first term in Equation (39) is the contribution of the leaky

poles, and it may be rewritten aa (Appendix Al)

=Xleak p± )k(k~pja)-dU (e P+ (40)

where k. It are thto consecutkive roots of tile equation

S(T k ) + H(2)( d) 08 oo 0 e

and will be referred to as even poles; k k are tile cosecttve

roots of the equation

H(2) (A2 - a) - 1It2)( d) - (.

o 0

and will be referred to as odd poles, nnd

k p (k 2  k2  )]/2

In the above equations we exclude, of course, those roots for which

Re(k) < -k or Re(k 2 ) > 0 and Im (k < 0. Thls series, in (40), is often

the dominant contribution to the current of the wires [6].

• 15
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For negative values in the a direction (I 0), the contour

runs on the top sheet of the k* plane along the real axis, Above the

branch point -k avd below +k. If the integrand in (37) does not have

poles in the lover half of the top sheet of the k plae, then making

similar contour deformation in the lower part of the ka plane, one crosses

the leaky poles, which are the roots of Equation (38) that lie in the

fourth quadrant and are the image of the previous poles. Hence for

a 0 we may apply (40) replacing k by -k

The second term is in fact the integral along a branch cut starting

at -k and parallel to the imaginary axis in the upper half of the k2

k plane (8]. It results in the contribution of the branch point which,

for antisyimetric excitation, may be interpreted as the TEM

WA mode, represented by (Appendix A2)

Ila) 1 d 'int (x~y.-k) 2 -jkz
TEM d an - x2 + y a 2 (41)

a

For symmetric excitation the branch point contribution is zero, The

other contribution is the branch cut contribution, which is rather time-

consuming to evaluate, but is negligible [8].

Hence, the current induced in the case of an arbitrary incident

wave will be given by

Il(W) = 1(z) + I.(z) + I () (42)
TEM leaky leaky

for the wire centered at x - 0, y - 0, and by

S()--I (z)+ I(z) - I (W) (43)
"TEM leaky leaky

for the wire centered at x -0, y d, where I+(Z) and I_(z) are given
leaky TEM

by Equation (40) and Equation (41), respectively.

161
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S~~~V. Voltueg Sout kle* j•o

Consider the ideale voltage generator centered at the origin as

depicted in Figure 5. The equivalent superposition of syrnetric and

antisymetric excitation& is shown in Figure 6. For this case, the Loci-

dent wave is given by 131
Inc x2 + y3 a l

zinc ::w~r a2](44)S' • elsewhere

where 6 denotes the impulse function. EInc in (44) may be cast into the

form

E!nc Einc + EInc

V/2 Us Xt + yt a

aE Ic v/2 6(s) xE2 + (y- d) (45)

I +
0 els8ewhere

v/2 6(a) x2 + y a2

:7 EIncv;;) 2 5Td2 2

'••Eln• - v/02 6(a) x +e ehr(y-d) -a (46)

The tranformed field may be readily obtained and at x2 + y2 a 2

we have

afine -inc Xinc y -a

[F+2 (xykZ) + Ex yk 2 2 2

S: En•('Y'k~ F1  (x .~ 
2  z+ _ x2 4-ya2

a x2 + y a,

(47)

whe r s

R Z+n(. y,kz) I2+ y 2 a2 " v/2 (48)

-gtn,,x. y = v/2 (49)

I~z Z) jx +)2 .2

17
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11
Substituting Equations .(48) and (49) in Equations (41), (42) and (43),

we obtain

li(z) v -Jkz +

n d
Vai

jk zp z

e - (eo+ +
Se1• (2) (k a) + dH{•( (kd)]

jk zp

[ k A (2)(k a) - dH2- (k d)] 50

for the wire centered at x 0 0, y -, and

""v (2)

evIn k k ., (k .1) (IN (kc I
poes + +zp+[ 011+ -

1k Z.

rl I all ( kdil2 (1 1 )(k
poles Ilk k k i - k-pd

for the wire centered at x = 0, y d.

20



VI. The Modal Solution of the Problem -sin&

Generalized Network Method

Equation (38), whose roots are the z-directed wave numbers of the

higher-order leaky modes, may be obtained via straight-forward analysis,

as follows. Consider the problem of the two wires, having induced

currents Ii(z) and 12 (z), respectively, due to an arbitrary impressed

field Ei produced by external sources. The currents If(z) and I2(Z)z12

produce scattered fields EZS(z) and ES 2 (z), respectively. These fields'

can be found in terms of the currents by the potential integral method

in a manner similar to that presented under "Formulation of the Problem."

We have,

1 (52)E1,2s "C (z2)1,2(yz)52

where

ejkv2+y (zz')2
T1(X'y'z) f 1I(ZW) 4/x2 + y 2 + (z - Z-) dz' (53)

ey x + (y d) + (z -z')

T2(xyz) 2 2(z,) y ,2,2 dz' (54)S(xy + (y d) 2 + (z -z')-

At each cylinder the boundary condition E - 0 must be satisfied
z

on the surface. Hence, we obtain

E (x,y,z) + Ea (x,y,z) + Esz (xyz) 2, -o
Z~ ~ 2 ix + y2  a' '<z<

(55)

and

E (x,y,z) + Es (x,y,z) + E (xyz) =0z z2 2z2 2'

1x + (y - d) a, -• < z <

(56)

21
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The transiorued solutions of the fields should also satisfy (55)

and (56), that is

, ' ,•E:(x'y'k 5)+ + 1(x'y'k2 ): +-E (x'ydkc) 2+ 2 - a2 = 0  (57) !
E-i(x,y,k.) + -is 2,,, 20 (57)

E (Xy,kz) + Es (x,y,k,,,',,,~ ~ x + ( )=z

12 x +(y-d) ~a

Substituting the appropriate transformations in a manner analogous to

that in "Formulation of the Problem," (57) and (58) may be cast in a

matrix form similar to that which occurs in the familiar method of

moments formulation [3]. We have

I: [2.21 = L
L_ L12 z22 J2 Lv2

where' the elements of the matrix [Z] are called "generalized impedances"

and are given by,

2 _k2
k k~

Z H (2) (/k2 k2 a), Z -11I 4 ,r,. 0 Z 22 11l

2 _2 (60)

k 2 -k k H2  dZ ~ ~ H(2 (/k - d)

12 4. o

the elements (or the vector ýýare called "generalized currents" and are

given by

'11 1 -[ (k ) ' J2 -I (kz (61)

and the elements of the vector are called "generalized voltages" and

Are, given by i

Vi = -+ 1 , V2 -E i (62)

2
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J'<' , ' rA . .

In order to determine the modal solution of the problem, which is

connected with the zeros of the total impedance of the system, we seek

for all possible source-free solutions of (59). Hence tz,. appropriate

matrix equation is (59) with the right side zero; that is

Z il Z l;J

[z](63)

Z Z 1L 12 Zll. J21

Equation (63) will have a non-trivial solution provided that the determinant of

the impedance matrix is zero. That is

2 2

11 12 (64)

which may be rewritten as

-OZ (65)j

Substituting (60) into (65) results in

k= ±k (66)
z

which represents the TEM mode; and,

H(2) (V T  ~a) ±H 2  ( k2 d) -20 (67) A

0 Z 0 Z

which is identical to (38). Once the proper values of k, for which (63)

is satisfied are found, the eigenvectors Jl, J 2 may be obtained by solving

(59) for each kz.

IA
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VII. Results and ConclusionsI The case of plane wave excitation is shown in Figures 7-9.

The example treats an incident plane wave for which Q., the polar

Sangle is 45°0 and ý 0 the azimuthal angle is 45°0. Figures 7-8 describe

the magnitude of the currents induced on the wires - Fqs. (35),(36) d

vs. the normalized distance between the wires, for a fixed ratio

d/a -10. Note the oscillations, which reflect the changes that

occur in the mutual coupling between the wires as we vary the distance.

Figure 9 shows the magnitude of the currents induced on the wires

vs. the ratio d/a for a given distance between the wires d/A - 2.5.

One may observe that the currents decrease monotonically as the

ratio d/a is increased (i.e., the radius a/X is decreased).

The case of voltage source excitation is shown in Figures 10

through 20. Figures 10-13, show the variation of the imaginary part

of the normalized z-directed wave numbers, which are the normalized

attenuation constants in the z-direction, as a function of the normalized

distance between the wires, for a given ratio d/a. We have depicted

only the two lowest even modes and the two lowest odd modes, and

we have chosen d/a = 10 and d/a 1 100 for Figures 10-11, and Figures 12-13 F
respectively. By looking at the graphs one can readily see, as may

be expected, that for fixed d/a, the attenuation constants decrease

as the distance between the wires is increased. In contrast the

attenuation constants increase for fixed distance d/A as the ratio

d/a is increased (i.e. when the radius, a/A, is decreased). This

fact is also demonstrated in Figure 14 which shows the variation of

24
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the a-directed normalized attenuation constants as a function of

I> the ratio d/a for the fixed distance between the wires, d/X - 2.

Y The figure shows only the lowest even and odd modes.

Figures 15 and 16 describe, respectively, the variation

I of the magnitude of the lowest even and odd modes, normalized to

the magnitude of the TEM mode as a function of the ratio d/aI while the d-istance d is kept constant. The values are given

at z 0 0. It is important to remember that as we precede along the

z axis the higher order modes are attenuated exponentially, while

the TEM mode remains constant. For instance, for d/X = 2.0 and

a A 0.04 (d/a -50) we have for the first even mode, which would have

the lowest attenuation, at z - 0, even 0.744. However, since for

ITEMI -z 0i:• O. 179

this case Im(k) 0.7 we would have at z = 5X along the wires

even iI
0.744. 0  - 0.304 which is only 40% of its initial

value. Figures 17-18 and Figures 19-20 show, respectively, variation

of the magnitude of the lowest even and odd modes, normalized to the

magnitude of the TEM mode as a function of the normalized distance,

d/X, between the wires, when d/a is a parameter and we have chosen

to show for d/a = 10 and d/a = 100. The values are given at z = 0

and they are attenuated expcnentially as one precedes along the a

axis.

iii
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Appendix A

Al. The Contribution of a Leaky Pole

In this appendix the first term of Equation (39), namely Equation (40),

is evaluated. Figure Al which applies to this calculation is a more

d*tailed version of Figure 4.

The integral around the complex pole, as shown in Figure Al is given

Z-k()v 12 2 2 Jk z

E+ h, -) (k;,)

1b. . .. ,el dk (l

GHI
where

(2) (2) k)(2
! ~ h+-(k)" H2) 6k•- kz :O-*11) ',- H d) (A2)

z 0 z 0 z

Expanding h±(k ) in a Taylor series around k. -k one has,

h (k) h(k h( 1)(k p) ). ++ h. (I ' 1_
h (n) (k , n + I-•

+ (k kzl.)+n + 0 [(k kP1
.... ±+ (kz - k )p± --- p

(A3) I

whe• [x) means terms of the order of x. For k k .0 we may

wt- .e h (kz) explicitly as

k

h+(k H 2 2 a- ) j d d- d 7 ' (kz- k ,)_z zp, ,1-k- 7- k1, p

(M4)

In expression (A4) terms of the order of (k' - k ) Iave been omitted

and we assume that h(1)(kzp_) 0.
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Also, HI2) io the Hankel function of the second kind of first order, and

we have used the relation

d~ (2)(X _ (2)
dx o

Using the.residue theorem the integral in Equation (Al) results in the

residue at the simple pole k u k Thus'we have,

-inc (x,y,k
E (a, 2 a2 jk

IP± 42 - Y. a)L 2+ J 2 X-a ek (2) k2 
ka) A)

kzp± k ((a H1, a -

(AS)

where
!.(p. 1/2

Substituting K p._( -21t into (AS) one readily obtains Equation (40). j
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A2. The Contribution of the Branch Point

In this appendix the contribution of the branch point, namely

Equation (41), is evaluated.

The integral around the branch point, as shown in Figure Al, is

given by,

CDE._aE ginc (x,yk) + y2  ak
z- 2) • dk -Z

By changing the variable of integration to (6

-+ (A7)

37'7
where 8 varies from - to •, we obtain

U k2  22" (k+k) (k-k) H (2k-)e30) (68)

In the limit where • ÷ 0 we have,

E (xkyk) 12 xt (xy,-k) (A9)

3 k~2 -a 2~ -+x22ejy(AIO

C2 2

-kDEF 0 0 (AlO )

SBystituting tequariabeofs(gA3 integration t 6oweotinL

j.e
a) -k 1-2+ (A12)

Swh ere tt trig E uations f-o iy eq we obtaintation0 aAd,

ike., ze ro k c (for s ei e t n



Dy, ,, .,.• -Jkx "'

TE E a 2 2 y2 ,* a2  d JJe
M Ix 2k a (j

Nd .(xy.-k) 2 2 + - ja2' (A13)T1_ n n() x2 + y

where (

It is easily seen that Equation (A15) can be written in the explict form,

1 DEF a (Zo) -z nc (xy,-k) -J2 2 kz (A16)

- 0 22 2y S+a
Where Z k Cin (1) is the characteristic impedance of the two-wire line

as given by [9].

.I.

Ii

VJ
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A3. The Contribution of the Aranch Cut

In this appendix the contribution of the branch cut is evaluated.

In the bottom sheet we have,

2_ wf ine x v k k s|
z ( 2 2 2 dka

EF f
(k k !1I) ~ i~ (2) ( 2~ )

EF 0 30 a

(AM7

By changing the variable of integratien to

k a-k + ju (A18)

where u varies from e to R, one obtains,

lC-k2 (k + k) (k- k ) ju(2k- JO u + juk u ( + i)

(A19)

""O7 k uil + 2" (A20])
it

where
4 =tan 

-1

U I
Taking the limit where c- - 0 and R . , Eqitation (A17) results An

IT (x,y,-k + JO) e e-.

EF X -x- + =-
aiim i -=dJdu,C 0, -. 1a k2 ý1 12 (10 Jim' /()2k ,'

c + 0 • u-(1 + Ju) O [1(l + k. 1/2 jo [u(14t )t/2 dl}

(A2I)

In the top sheet we have,

2w•-& "Inc' (x,y,k ) =dI2+ 2' 2 .ik z
=+B " + Y' %I a , dk

2 2 (2) - .(2) ( - k2)

(k 2  k 2  [H 17a) H k 0
BC 0 z 0

(A22)
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by changingl thevariable of Integration in the &ame way as Equation

(All) where u varies from R to E , one obtains

k2 -2 u(l + J-) (A23)a U

-u(1 k 1/ a 2(A24)(11k

'a

where = tan

Taking the limit where C - 0 and R - equation (A22) results in

BC

I '
~1,

1 .IC~ 
-.z u

................... ......

- - - - - - - - - - - -. 2 a 2

-- 'i-m.- j--.



Appendix B

The Method for Finding the Roots of Equation (38)

A well known and proven method for finding the roots of equation

i (38), is that of the steepest decent. Equation (38) may be modified

using a real function h in the following fashion,M abs

habs+ (k) [h+(-) ( 0 (El)

where h+(kz) is given by Equation (A2) and k the z-directed axial wave
-z z

number may be cast into the vector form

K= (B2)

z I
F1•, where z and j.z are the real and imaginary parts of kz, respectively.

The search by this method starts with initial value L for the
% zo

wave number vector. The normalized gradient of the absolute value of

h ±(k ), obtained by differentiating (BI):

( h (B3)
habs+ (z)

Sign ("

z

of te vlueobtine. Tis poceureis epetedcausing the value of
he to approach the root

lI'or ct~lonvenince, thu + and - subscripts will be omitted in the

following discussion. The method can be described by the relation

___ +__ 1IZ

(14

-.. ~ ~~~~~~ z.. ,, ......... - . •• .. . ... .k, . . .. .. ".': ._ .
~~~~~~~k +... . .. .. k.•.:,•, _ -



p

where

Sgn habs(kz)

- (B5)

2 ah abs(kz)
g Sign k k

Sign (z) [-1 X< oJ

F1 is the normalized gradient at a point in the k plane corresponding to

k =k and
Z k

34+ !/4 V1l Vk0
002 1 k-

[k-1 lk- 1k03/4 + 1/4 1 2

V Vk -1 V k

(B6)

is a matrix that together with an initial matrix[1Vo] control stability

and rate of convergence.

This method is suitable for our purpose, since we are interested

only in leaky modes having the smallest attenuation in the z direction.

Thus, we are allowed to sea ch for the zeros within a rectangular

region of the second quadrant in the complex k ( = z + ia ) plane,

which is defined by

0< < k 0 << k (B7)

S4
The absolute value of the complex function Equation (Bl) is reduced to

less than 10- 6 at the location of a root.
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The first two programs calculate the induced currents in the

case of a plane wave excitation. The first program varies the

distance between the wires d (in wavelengths) while keeping the

ratio d/a constant. The second program varies the ratio d/a while

keeping the distance between the wires constant....

The following four programs find the real and imaginary

parts of the wave numbers associated .with higher order modes in

the case of volt exditation, and calculate the contribution of

each mode to the total current. The first program varies the distance

between the wires, while keeping the ratio d/a constant, for the

even leaky modes and the second carries it out for the odd leaky ]
modes. The third program varies the ratio d/a, while keeping the

distance between the wires conatant, for the even leaky modes and

the fourth carries it out for the odd modes.

50
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Program No. 1

C
C THE PURPOSE OF THIS PROGRAM IS TO CALCULATE THE
C INDUCED CURRENTS IN THE CASE OF A PLANE WAVE9C EXCITATION.
C THE PROGRAM VARIES THE DISTANCE BETWEEN THlE WIRES--
"C El-U(N WAVELENGTHS) WHILE KEEPING 'THE RATIO 'ti/A'jC CONSTANT

C
COMPLEX KAvKDvCOtCEvCU1
COMPLEX HOApHODrJ0AvJODvYOAvYODI COMPLEX CU2
REAL KvIJOAvIYOAvIJODtIYOD

C
C1 THE RATIO 'B/A'

'SI C
M=:100
WRITE(5Y5O) M

50 FORMAT(///vI1Xi' El/A IS '*14v///)

P1=3.1415927

C ~~TH E V E RTI CAI.. AND' AZIMUTHAL ANGLES O F THEFC INCIDENT WAVE:
C

P V=P I /4

C

11=0,1 G O2

10 A=D/M

40 FORMAT(/P.1XPUI ISj /,1:re)+ 4)

KD=KA*M
CALL CHESOCKA v..IAYOA)
CALL CEIESO(Ktl vJ0E',Y~tl)
RJOA:2-REAL(CJOA)
IJOA=AIMAG( ,.I0A)
RYOA=REAL.( VA)
IVOA=AI'MAG( VA)

RJ0Dr4REAL CJOe)DF
IJOD=AIMAG (Jo!:)
RVOD=REAL.(VOD?
IVOD=AIMAG C VOID

C
C THE RE:.LAT'I:VE CONTRI BUT TON Of" .HE E:VE-N AND ODD) :~,n

C AND THE TOTAL. C'URREENT INDtUCED : ON E1-F.[ WIREl

C
LIHOA=CMPL.X(RJOA+IVOA, IJOWýRYOA)
I-'HOti=CMPLX(CRJ0D+.IYOD TIJODE-RVOEI'I

CE=2./3?7./K/SINCO)*C1+E:((0u.)*l*N(V)))/HCIt)V ~ ~~CO=2./377./K/SINCQI)* CiC:((O ,)*t* NIu))/H(.HOrD)
CUI1=CE + CO
ACU1=CABS(CU1)

51



.. .. ...

RAT-CABS (CE/CO)
bIRITEC5,30)ACUlrRAT

30 FORMAT(lXp'CURRENT 1 IS' PE15.8,/ilX,'EVEN/ODD IS'PE15*8i CU2=CE-CO
ACU2wCABS(CU2) I
WRITt(5v37)ACU2

37 FORMAT(lXp'CURRENT 2 IS'PE15#8)
RATI=ACUI/ACU2
WRITE(5Y38) RATI

38 FORMAT(lXv'CURl/CUiR2 SE58/)
C
C CHANGING THE DISTANCE-D

D=D+0,1
GO TO 10

C

SUBROUTINE CBESO (ZvBSJO, BSY0)
COMPLEX ZYBSJ0,BSYOPYYvWPPP0F0CEXP

COMPLEX CCOSCSINCSGRTCL.OGSP0,SG0,G0PCSSNYSP1YSG1.
P1=3.141593
A=CABS(Z)
BSJO=(1 ,O,)
IF(A.EQ.O*) GO TO 2
IF(A.GT.ý1) GO TO I
Y=Z*Z/9,
BSJO=1 .+Y*(-2.2499997+Y*( 1 2656208+Y*(-.3163866

1+Y*( .0444479+Y*(--.0039444+Y*.00021)))))
GO TO 2

1 Ws3*/Z
FO= +792 88456+W* (-.00000077 +W* (-. 0055274+W* C-.00009512
1+W*( .00137237+W*(-.00072805+W*.00014476))))) -
PO=.78539816+W*( ..04166397+W*( .00003954+W*(-.00262573

1+W*( .00054125+W*( .00029333--W*.00013j538) ))))
BSJO=FO*CCOS (Z-PO )/CSQRT (Z)

2 CONTINUE
BSYO=(-1 ,E30Y0)
IF(A*EG.0.) GO TO 3IIF(A*GT.3*) GO TO 4
E4SYO=,63661977ý*CLOG0( .*Z)*BSJ0+.36746691+Y*( ,60559366I 1I+Y*(-.74350384+Y*( .25300117+Y*(-- .04261214+Y*( .00427916
2-Y**00024846)))))I GO TO 3

4 CONTINUE
BSYO=FO*CSIN(Z-PO)/CSORT (Z)

r3 CONTINUE
RETURN
END
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Output Samples for Program No. 1

f/A IS 10

D IS .1000
CURRENT 1 IS 0,62013944E-03
EVEN/ODD IS 0#29726247E+01
CURRENT 2 IS 0.09227682E-03
CUR1/CUFR2 IS 0.69500791EO00

Di IS .2000
* CURRENT I IS) 0C.1089397E-03

EVEN/ODD IS 0.20512333E+01
CURI:,ENT 2 IS 0#12857444E'-.02
CURI/CUR2 IS 0#55912665E+00

1) 1 .13 ,3 00

CURRENT 1 IS 0,81091406E--03
' ELVEN/ODrD IS O, 174504861'F01
| ~CUR:RENT '2 IS 0,16215614E'..02
I CUFI/CUR2 IS 0,50501576Ei',00

D IS .4000
CURRENT 1 I3 0*9'%:810231E--03
EVEN/ODD IS 0.15963233E+01
CURRENT 2 IS 0, 1907007SE'02
CURI/CLiR2 IS 0.50241131E+00

fD IS .5000
CURRENT I IS OI'598827E0-02
I:2VEN/ODIIs 0, 14861194E+01
CURRENT 2. IS 0.21185441-o02

CURl/C"UR: 2  IS 0,54749046E.-00

1) IS .6000
CURE.:NT 1 IS 0,14269433E-102

L-Vr:N/O.:L IS 0, 13361567EIO01
CURRENT 2 IS 0.221764565E 02
CU"LF./CUR2 IS 0.°65562683E+00
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Program No. 2

C
C THE PURPOSE OF THIS PROGRAM IS TO CALCULATE THE
c INDUCED CURRENTS IN THE CASE OF A PLANE WAVE

C EXCITATION.
C THE PROGRAM VARIES THE RATIO-*D/A'PWHILE KEEPING
C THE DISTANCE BETWEEN THE WIRES-OD CONSTANT
C f .0040004 * p4

COMPLEX KAiKDPCOPCEPCU1
COMPLEX HOAHODPJOAPJODPYOAPYOD
COMPLEX CU2
REAL KPIJOAPIY0APIJODPIY0D

C
C INITIAL VALUE FOR THE RATIO OD/Al
C

Mu 10
P1=3*1415927
K=2**PI

4C THE VERTICAL AND AZIMUTHAL ANGLES OF THE
C INCIDENT WAVE

PY=PI/4

C THEDISTANCE BETWEEN THE WIRES
C

D=2.5
WRITE (5pA0) D

40 FORMAT(/YIX,'D IS 'PF6*4)

10 A=D/M
IF(M*GT*1000) GO TO 20bIWRITE(5v50) M

50 FORMAT(///P1XY' D/A IS 'P14)

IJD=KAIMAG(J

RYOD=REAL ( OD)

~1 IYOD=AIMAG(YOD)

'1 C ~H0EI=CMPLX (RJOD+IYOD, IJOD-RYOD)

C

CEu:2#/377*/K/SIN((D* (1+CEXP( (0,, 1,)*KD*SIN(PY) ))/(HOA+HOD)
CO=2o/377*/K/SIN(G)* (1-CEXP((0,,1.)*KD*SIN(PY)))/(HOA-HOD)
Cli 11 =CE+CO
A CUJ1---CABS (CU I
RAT=CABS(CE/CO)
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WRITE(5v3Q)ACUiRAT
30 FORfIAT(lXP'CURRENT 1 IS' wE15s8p/v1Xv'EVEN/ODD IS'#E1S*S

SCtj2=CE,-CO
ACU2-CADS(CU2)
WRITE(SY37)ACU2

37 FORMAT(lXi 'CURRENT 2 IS' iE15.8)
RAT 1=ACUI/ACU2
WRITE(5p38) RATI

38 FORMAT(lXv'CUiR1/CUR2 IS'vEl5*8t///)

C CHANGING THE RATIO 6D/A8
C

M=M+l
00 TO 10

20 CONTINUE
STOP

END

C THE SUBROUTINE CBESO CACULATES THE ZERO ORDER BESSEL
C FUNCTIONS FOR A GIVEN INPUT VARIABLE Zo

SUBROUTINE CBESO(Z ,BSJOB8YO)
COMPLEX ZpBSJ0vBSYOYvWvP0vF0pCEXP
COMPLEX CCOSPCSINPCSORTPCLOGPSPOSQOGOCSPSNSPIPSO1

P1=3ol.41593
A=CABS(Z)
BSJO=(1.,0,)

L IF(A.EO.O.) GO TO 2
IF(A.GT.3*) GO TO I
Y=Z*Z/9.
BSJO=1 .+Y*(-2.2499997*Y*( 1 2656208+Y*(-.3163866

1+Y*( .0444479+Y*(-.0039444+Y*.00021)))))

1 W=3#/Z
P0= .79788456+W* C- .00000077+W*( - 0055274+bI*(- .00009512

1+W*( .00137237+W*(-.00072805+bI*400014476)))))
PO=.78539816+W*( .04166397+W*( .00003954+W*(-.00262573
L+W*( .00054125+W*( .00029333-W*.00013558)))))
BSJO=F0*CCOS(CZ-PO )/CSORT (Z)

2 CONTINUE
BSYO=(-1 .E30Y0)
TFCA.EG.0,) GO TO 3
IF(A*GT*34) GO TO 4
BSYO= ,63661977*CLOG(.*5*Z )*BSJO+ .36746691+Y*( .60559366
1+Y*(-,74350384+Y*( .25300117+Y*(-.04261214+Y*( .00427916
2-Y**00024846)))))
0O TO 3

4 CONTINUE
EASYO=FO*CSIN (Z-PO) /CSQRT (Z)

3 CONTINUE
RETURN
END
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Output Sample for Program No. 2

D IS 2.5000

fl/A 13 10
CURRENT 1 IS 0,40766606E--02
EVE-N/ODD IS 0.16611102E+01
CURRE~NT' 2 IS 0*28035670E-02
CURI1/CUR2 IS 0*14541007CE101

fl/A IS 11
~i3CURRENI 1 IS 0.Z84G?9S't.L*02

EVEN/OD IS 0*1S47599GL+1-
U;URf.LNT 2 13 ý).2'-'3tS(Q3E 02

CURl/'CUiR2 I,;U

fl/A IS 12
CURRE~NT I I;.Z,6601041EI 021
EVEN/OD3D Is 10

CURRLNT 13I 0 .2235Z IID.7X 0*2
"EVNUR1,lUR IS 0 , 1553~2401IZA01

kIf"/A I S 13
CuJ KN LNr I I S 0 ',364C0'3 1CE 02
EVEN/OICID 1.b 0 13?35 54 E.+ 0 1
CURRENT 2 IS 0.210S. u .LE C0'
C'Ulp 1/UR2 5 .63r7Y;75EJG1
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Proiram No. 3

C THE PURPOSES OF THIS PROGRAM AREt
C 1) TO FIND THE REAL AND IMAGINARY PARTS OF THE R-DIRECTED
C AND Z-DIRECTED WAVE NUNSERSPASSOCIATED WITH THE HIGHER
C ORDER EVEN LEAKY MODES IN THE CASE OF VOLT EXCITATION
C 2) TO CALCULATE THE CONTRIDUTIOK OF EACH MODE TO THE TOTAL
C CURRENTo

4C THE PROGRAM VARIES THE DISTANCE BETWEEN THE WIRES-
C OD-(IN WAVELENGTHS) WHILE KEEPING THE RATIO aD/Ae
C CONSTANT
C

COMMON KRPAAPMPBRPAR
COMPLEX KRPKZPPKRPPRES
REAL IJOA *IJOD.IJ1A.IJlDIYOAvIYODeIY1Au-IYID
COMPLEX KRAutKRD;JOApYOAJODYOD.HOAeHODvJ1A
COMPLEX YlAvJ1DPY1DvGR~IGR2,H1APH1DFmORAlGRA2
COMPLEX KRPAPKRPD
REAL K<Z(2)PKPKH
REAL GRAD(2)
REAL OGRAD(2)rCON(2)

C

C DEPARTURE POINT F'OR THE SEARCHING IN THE KZ PLANE

BR=-2.

C
C START SEARCHING FOR THE ROOTS IN THE KZ PLANEt C
9 IF (BR*GT*100) GO TO 8

WRITE (5#18) I
19 FORMATtf.//PIXP'THE INDEX OF THE MODE IS 'P12p//)

OGRAD(l1)=0.
OGRADC2)=O.
CON( )=0,50
CON(2)=0*50
N-2
PI-3. 1415927

K-2*PI
KH-K**2+AR**2-BR**2
BZ-SQRT(O.5*(KH+SQRT( (KH**2+(2*AR*DR)**2))))
AZ--AR*BR/BZ
KR-CMPLX(BRP-AR)
KZ(1 )=DZ
KZ(2)-AZ

C
C THE RATIO 'D/Aa

Ii C
M- 100

4 ~AA-1 ./M
WRITE (5P19) M

19 FORMAT (IXP' D/A =',16)
3 CALL FUNCT(NPtKZPVALPGRAD)

IF(VAL*LT.0.1E-5) GO TO 1
IF (GRAD(1)) 22,27,27

22 IF (OGRAD(1)) 23P20~24
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24 CON(l)wCON(1)/2,
23 KZ(1)=KZ(1)+CON(l)

OORAD( 1)UGRAD( 24
00 TO 31

27 IF (OGRAD(1)) 20P29*29
29 CON(1)wCON(1)/2

OGRAD(l)-GRAD(1)

31 CONTINUE
IF (GRAD(2)) 32#37*37

32 IF (OGRAD(2)) 33P34934
34 CON(2)uCON(2)/2*
33 tKZ(2)KZ(2)+CON(2

ORAD(2)-GRAD(2)

GO TO 3%

1 CONTINUE

C INITIAL VALUE FOR THE DISTANCE-Ti
c

'/0 A=D/M
IF(D*GT*5O00) GO TO 60I
AP=+AR/D
KRP=CMPLX(BPP-AP)
KRPA=KRP*A
t\RPA=KRP*A
K=2*PI
Kli=K**2+AP**2-bP**2
PZ=SQRT(C .5i*(KH+SORT ((KH**2+(2*AP*BP)**2))))
AZ=-AP*RP/EtZ
tKZP=Ct4PLX(-BZPAZ)
WRITE (5P80) D'

00 FOPMAT(//o1XPdD IS :'tF6*4 )
WRITE(5P90) KZP

90 FnRtIAT(/PIX, 'REAL KZ IS :*'PF9o4o' IliAG KZ IS t".F9.4)
CALL CDtES1CKRPAPJIAPYIA)

-j CALL CDESI(KRPDPJ1DY1D)
RJIA=REAL( JIA)
IJ1A=AIMAG( JIA)
RYID=REAL(Y1Ti)
IYlD~mAIMAG(YlD)
RJID=REAL(JID)
IJID-AIMAG( JID)
RYID*REAL(YID)
IYlD=AIMAG(YlD)
H1A=CMPLX(RJIA+IY1A, IJIA-RYIA)
H1D=CMPLX(RJ1D+IY1DP+IJ1D-RYID)

C 2
c THE CONTRIBUTION OF THE LEAKY MODE
C TO THE TOTAL CURRENT NORMALIZED TO THE
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C CONTRIBUTIONOFTEEMOD

RES=4*/377,
EllRES=m RRS*(0v 1)*K/KRP/KZP/(A*HIA+D*HID)

ARS=CADS(CRES)
T=M
RAT-ARS*377.*ALOG CT)/P I
WRITEC5v4O) ARS

40 FORMATC/,1Xp'THE CURRENT IS I',E15.9)
WRITEC5v41) RAT

-A41 FORNATC/vlXu'CUR/TEN 1St'E15.S)
C

iiC CHANGING THE DISTANCE-D

C- D=D+0, 1

GO TO 70
60 CONTINUE
C

.5C CHANGING THE DEPARTURE POINT IN ORDER TO
C START THE SEARCHING FOR THE CONSECUTIVE ROOT

C
I=1+1
BR=BR+5

a3 CONTINUE B
STOP7$ END

C THE SUBROUTINE CBESO CALCULATES THE ZERO ORDER BESS3EL

LCC FUNCTIONS FOR A GIVEN INPUT VARIABLEZ
SUBROUTINE CBESO(ZPBSJOPBSYO)
COMPLEX ZvBSJ0vBSY0pYpvWP0pF0vCEXP
COMPLEX C.,COSvCSINCSORTCLGGSPOSGOOPvCSSNvSP1PSG1
P1=3.141593
A=CABS(CZ)
DS'JO=C1 ,0.)
IFCA.EG.0.) GO TO 2
IF(AoGT*3o) GO TO 1
Y."Z*Z/9.
BSJ.O=1 .+Y*(-2.2499997+Y*C 1 2656208+Y*C-.3163866

1+Y*C .0444479+Y*(-.0039444+Y*.00021)))))
GO TO 2

1 Wz3./Z
F-O:=,.797884?6+W*C-,00000077+W*(-.0055274+W*(-.00009512

i+W*( .00137237+W*(-,00072805+W*.00014476)))))
PO=.78539816+W*C .04166397+W*( .00003954+W*C-.00262573

BSJO=FO*CCOS(CZ--PO )/CSGRT C Z)
2 C'ONTINUE

$6iY0=.(-. 1 ,E301O)
CF'(A*EQ*0s) GO TO o'3
IF(fi.Gi.3. ) GO0 TO 4
PSYO~,6366t9?7*CLOG0( .*Z)*BSJO+.36746691+Y*C .60559366
1+ýY*(ý--74350384+fY*(,25300117+Y*(-,-04261214+Y*C.,00427916
2--Y*4.00024846)))))
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GO0 TO 3
4 CONT I NUE

Y O-nF *CS I N(Z, PO) Al SORT(Z)
3 CONI tNUr

THr.'~ SUBROUTINE CBESI CALCULATES THE FIRST ORDER BESSEL
(1 FUNCTIONS FOR A GIVEN INPUT VARIABLE Z

SUJBROUTINE CBE*Sl(ZpBSJ1lI4SYl)
COMPLEX ZBSJ1,ItSYlvYv.WvPlvF1,CEXP
COMPLEX cCOSCSORC).I-TCLOGCSINPSP1PSO1IG1 ,FvCSPSNPSP2.SO2

I (A. E(2O 0 GO) TO 2
I F(A. GT.3.) GO TO 1
Yn-rz * z/9.
HI-C1~Z*( S-+Y*(- .56249985+Y*( .21093573+Y*(-.O395 ,289

1+Y*( ,00443319+Y'*("-,00031761+Y*,00001109))))))
GO '10 2

I W=3./Z.0687
F1"I."z79788456+W*( ,00000156+W*( .01659667+W*( .00017105

BSJ1=F-i*CC"OS( Z-PI.CSRTZ

2 CONTINUE

IF(A*EQOo) GO TO 3
IF(A*GT.3*) GO TO 4
BSYI=(--.63661977+Y*(.2212091+Y*(2.1682709+Y*(-1.3164827
1+Y*( .3123951+Y*(-.Q400976+Y*.0027873) )) ) ))/Z
2+,*6366 1977*CLOG (o*5*Z )*BSJ1
GO TO 3

4 BSY1=F1*CSIN(Z-Pl)/CSORT(Z)
3 CONTINUE

RETURN
END

C
C THE SUBROUTINE FUNCT CALCULATES FOR EACH VECTOR KZ
C THE VALUE OF THE FUNCTIONAL WHICH WE TRY
C TO MINIMIZE AND ITS GRADIENT
C

SUBROUTINE FUNCT(NPKZPVALPGRAD)
COMMON KRVAAPMPBRPAR
DIMENSION GRAD(2)

k.,.!REAL KZ(2)PKPKH
REAL IJOA ,IJODIJIAIJ1DPIYOAIY0DIY1AIY1D
COMPLEX tKRpKRAPKRDJOA PY0A JODYODvHOAPHODvJ1A
COMPLEX Y1A#J1DPY1DPGR1,GR2,H1AH1DFiGRA~IGRA2
BZ=KZ( 1)
AZuicZ(2)
PI=3. 1415927
K=2*Pl
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KH=K**2+AZ**2-BZ**2
E(R=SQRT(0,5*U(H+SORT( (KH**2+(2*AZ*BZ)**2) ) ) )
AR= -AZ*BZ/BR
KR=CMFPLX(BR ,-AR) YD

KRYA=KR*ALYA)

CYALL MA CBS(KRYOA) YA

RJOD=REAL (JOAl)
lIJOA=AIMAG(JOD)
RYOA=REAL.(YOEI)

IYOE'=AIM1AG(YOE')
HOA=CMPLX(RJOA+IYOA, IJOA--RYOA)
H 0 D =CM P LX (RJ 0D + I YO0ED I Jl20E-R Y 0 D
F'=HOA +HO El
VAL.=CABS (F)
VAL=.:VAL..**2
CALL CE'ESI(KRAY,J1A~Y1A)
CALL.. CEBESI(KRE'tJ1EYYlD)

I,1IA=-ATMAG(YlJiA)

GR1.:ID=R1--1I'**-M...(J). TO)AAM~K

GRAIY(1 ) : IREAL (Y D3~:)

H AI (2) --C CL..X (R IkA+ I J A2Y
RE r)('FL. M.) I +IYIDv:I1E-R D

IRA ( 1).. --:R A.- (G AI



Output Sample for Program No. 3
I/

D/A- 10

Sis : .1000

REAL KZ IS : -11o9813 IMAG KZ IS : 32.2049

THE CURRENT IS : 0.40988265E-'03

CUR/TEll IS: 0.11325743E+00

iD IS : .2000

REAL KZZ IS: -6.3111 IKAG KZ IS: 15.2847

THE CURRENT IS : 085170465E.-03

CUR/TEM IS:* 0*23534023E*00

SD Is • .3000

REAL KZ IS : 4.6324 IMAG Kz is : 9+2551

THE CURRENT IS * 0.13608340E-02

CUR/TEM IS: 0,.7602118E+00

LD IS * .4000

REAL KZ IS : -4.0584 IMAU KZ IS : 5.9422

THE CURRENT IS : 0.19572516E-02

CUR/TEM IS! 0.54082134E+00

DI IS : .5000

REAL KZ IS : 4.0681 IMAG KZ IS : 37940

THE CURRENT IS : 0O25318940E-02

CUR/TEM IS:* 0.69960463E+00

D IS *.6000

REAL. KZ IS : -4.4116 IMAG KZ IS "1 2+4296

THE CURRENT IS 0,27964980E-02

CUR/TEM IV; 0677271914E+00
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Program No. 4

C
C THE PURPOSES OF THIS PROGRAM ARE.:
C 1) TO FIND THE REAl- AMD IMAGINARY PARTS OF THE R-DIRECTED;
C AND Z-DIRECTED WAVE NIUMSERSPASSOCIATED WITH THE HIGHER
C ORDER ODD LEAKY MODES IN THE CASE OF VOLT EXCITATION
C 2) TO CALCULATE THE CON#TRIIV,'iZON OF EACH MODE TO THE TOTAL
C CURRENT*
C THE PROGRAM VARIES TJHE DISTANCE PETWEEN THE WIRES-
C 'D"-(IN WAVELENGTHS) WHILE KE09PINO THE RATIO OD/As
C CONSTANT
C

COMMONH KRPAAMrDRPAR
COMPLEX KR iKZP uKRP ,RES
REAL IJOA PIJODIJ1AIJlDtIYOAIYORuIY1AvIYIDICOMPLEX KRPRPOPOP06YDMPOPl
COMPLEX YlAJlDYIDBR1,6R2,HIAHIDFGRAl1GRA2
COMPLEX KRPAPKRPD
REAL KZ(2),KPKH
REAL GRAD(2)
REAL OGRAD(2)PCON(2)

C
C DEPARTURE POINT FOR THE SEARCHING IN THE KZ PLANE

C ~AR=-2.
DR1

iCC START SEARCHING FOR THE ROOTS IN THE KZ PLANE
c
9 IF (DR#GT*100) 0O To aGA(10

WRITE (5p18) 1
16 FORMAT(///PlXP'THE INDEX OF THE MODE IS 't12t//)

N=2
PI=3*1415927 A
K=2*PI
KH=K**2+AR**2-BR**2
BZ=SQRT(O.5*(KH+SQRT( (KH**2+(2*AR*BR)**2))))
AZ=-AR*DR/BZ
KR-CMPLX(BR,-AR)
KZ( 1 )=Z
KZ(2)=AZ

C
aC THE RATIO 8D/A8

C
M=100
AAu1 .1K

-) WRITE (5P19) M
19 FORMAT (iXy' li/A =',16)
3 CALL FUNCT(NPKZvVALvGRAD)

IF(VAL*LT*O.1E-5) 0O TO 1
IF (ORAD(1)) 22P27F27

22 IF (OGRAD(l)) 23,24P24
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24 CON(1)=CONC1)/2.
23 KZ(1)=KZ(1)+CON(1)

OORAD( )-GRAD(l)
00 TO 31

27 IF (OORAD(1)) 29,29,29
28 CON(!)-CON(1)/2

2L OORAD(1)UORAD(l) *

32 IF (OOR'AD(2)) 33,34,34
34 CON(2)=CON(2)/2*
33 KZl2)=KZ(2)+CON(2)

J OGRAD(2) =IRAD( 2)
00 TO 3

37 IF (OGRAQ(2)) 3839,39
38 CON(2)=cbN(2)/2 7M.39 KZ(2)=KZ(2)-CON(2)

OGRAD(2=GRAD(2ý
GO TO 3

I CONTINUE:1 C
c INITIAL VALUE FOR THE DISTANCE-D
C

D=0.1
70 A=D/M

IF(D.GT*5.00) 00 TO 60

KRPA=KRP *A

KH=K** 2+AP**2- SP**2
BZ=SQRT(0.5*(KH+SGRT((KH**2+(2*AP*BP)**2))))
AZ=-AP*BP/ SZ
KZF=CMPLX(-BZPAZ)
WRITE (S,80) b

130 FORMAT(//,1X,#D IS :'PF6.4)
WRITE(5,90) KZP

90 FORMAT(/P1XP'REAL KZ IS :'PF9#4v' IMAO KZ IS :#',F9.4)
CALL CBESI(KRPAJ1APYlA)
CALL CBtESI(KRPD?,J1DYYD)
RJIA=REAL.(J1A)
IJlA=AIMAG(CJIA)
RYIE'=REAI.( VIi)
IYiE'AIMAG(YlD)
RiID=REAL(JlE')
IJID=AIMAO(JID)
RYirt=REAL(YlD)
IYiE'=AIMAG(Y1E')
HtA=CMPL-X(RJIA+IYIA, IJiA-RYIA)
HID=CMPI-XCRJIr,+IYI.D, i.JiD-RPYID)

C 'THE CONTRIBUTION OF THE LEAKY MODE
C TO THE TOTAL CURRENT NORI 4ALIZED TO THE

64



C C-ONTRIBUTION OF THE TE:M MODE

KEi4. /:3 77.
RE~RES* (o 1) *K/V-.RP/KZP/(A*HIA+D*HI1D)

AN$:=CAI4S(RES)
T --M
RAT-ARS 4377 # *ALOG ( T) /P I
W~RITE(5,40) ARS

40 rORMAT(/,lXy'THE CURRENT IS :'tYEl5.8)
WRITE(5v41) RAT

41 PORMAT(/plXv,'CUR/TEM :cS#'PE15.8)

CHANGING TEE DISTANCE-El
C

(30 TO 70
60 CONTINUE
C
C CHANGING THE DEPARTURE POINT IN ORDER TO

START THE SEARCHING FOR THE CONSECUTIVE ROOT

4 BR=BR+5

8O TCONTINUESTOP

*END

CTHE SUBROUTINE CBESO CALCULATES THE ZERO ORDER BESSEL
C FUNCTIONS FOR A GIVEN INPUT VARIABLE Z
C

SUBROUTINE CBES ( Z, BSJO vBSYO)
COMPLEX ZpBSJOBSYOYvWvPOFOCEXP
COMPLEX CCOSPCSIN7CSQRTCLOGSP0,S00,Q0,CSPSNPSPIl v50j

P1=3*141593I IF(A.EG.0.) GO TO 2
dIF(A*GT*3,) 6O TO 1

Y=Z*Z/9.
BSJO=1 .+Y*(-2,2499997+Y*( 1 2656208+Y*(-.3163866
1+Y*( .O444479+Y*,(-..0039444+Y*,00021)))))

1GO TO 2
W=3./Z
FO= ,79788456+W* ( *00000077+W* ( - 0055274+W* (-.00009512

1+W*( .00137237+W*(-,00072805+W*.OO014476)~)))
PO=,78539816+W*( .04166397+hI*( .00003954+W*(-,00262573
1+W*( .00054125+W*( .00029333-W*,00013558))8))
BSJO=FO*CCOS(Z-PO)/CSORT(Z)

2 CONTINUE
BSYO=(-1 .E30v0)
IF(A 4EQsO,) GO TO 3
IF(A.G'r,3*) GO TO 4
BSYO=.63661977*CLOG( .5*Z)*BSJ0+.36746691+Y*( .60559366
1+Y*(-.74350384+Y*(,253001

1 7+Y*(.... 0 4 2 6 1 2 14 +Y*(*0 0 4 2 79l62-Y*,.00024846) ))))

65



GO TO 3
4 CONTINUE

BSYO-ýFO*CSIN(CZ-P ) /CSGRT(CZ)
3 CONTINUE

RETURN
ot END

C
C THE SUBROUTINE CBESi CALCULATES THE FIRST ORDER BESSEL
C FUNCTIONS FOR A GIVEN INPUT VARIABLE Z
C

SUBROUTINE CBESI(ZPBSJIPRSYI)
COMPLEX ZPBSJ1,BSYlPYPWPPP1F1,CEXP

~iI COMPLEX CCOSPCSORTPCLOGPCSINSPlYSGluOIPFvCS.SNPSP2e8G2
A=CABS(Z)

IF(A*EQ.0.) 0O TO 2
IF(A*GT.3*) GO TO 1
Y=Z*Z/90

BSJ1=Z*( .5+Y*(-.56249985+Y*( .21093573+Y*(-.03954289:1 1+Y*( O.0443319+Y*(-.00031761+Y*.00001109))))))

Fl=.79788456+W*( .00000156+W*( .01659667+W*C .00017105
1+W*(-.00249511+W*( .00113653-W*.00020033)))))
P1=2.35619449+W*(-.12499612+W*(-.00005650+W*( .00637879
1+U*(-.00074348+W*(-,00079824+W*.00029166)))))
BSJ1=F1*CCOS(CZ-P ) /CSORT (Z)

2 CONTINUE
9SY1=(-1 .E3Oi0)
IF(A*EG.0*) GO TO 3
IF(A.GT*3*) GO TO 4
BSY1=(-.63661977+Y*( .2212091+Y*(2. 1682709+Y*(-1.3164827

1+Y*( .3123951+Y*(-.0400976+Y*.0027873) )) )))/Z
2+ .63661977*CLOG (.*5*Z )*BSJ1
GO TO 3

4 BSYImF1*CSIN(Z-Pl)/CSQRT(Z)
3 CONTINUE

RETURN
END

C THE SUBROUTINE FUNCT CALCULATES FOR EACH VECTOR KZ
C THE VALUE OF THE FUNCTIONAL WHICH WE TRY
C TO MINIMIZE AND ITS GRADIENT
C

SUBROUTINE FUNCT (N, KZPVAL ,GRAD)
COMMON KRPAAPMPBRYAR
DIMENSION GRAD(2)
REAL KZ(2)PKPK4
REAL IJOA ,IJ0DIJ1APIJIDPIYOAPIY0DPIYlA.IYID
COMPLEX KRPKRAPKRDPJ0AY0AvJ0DiY0DH0APH0DPJlA
COMPLEX Y1A.J1DiY1DvOR1,GR2,H1AvH1DFvGRA1PGRA2
BZ=KZ(l)
AZ=KZ(2)
PI=3o1415927
K=2*PI
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KH=K**2+AZ**2-BZ**2 -

.1 DRu9QRT(O.5*CKH+SQRTC (KH**2+(2*AZ*BZ)**2))))
AR=-AZ*BZ/BR
KR.CMPLXCDRP-AR)
KRAwKR*AA --

KRD-KRA*MI. CALL CDESO(KRAi'JOAPYOA)
CALL CBESO(KRDPJODFYOD)
RJOA=REAL(JOA)
IJOAmAIMAG (JOA)
RYOA-REALCYOA)
IYOA=ArMAG(YOA)
RJOD-REALCJOD)
IJODwAIAG(JOD)
RYOD=RE,':YOD)
IY0D=AIPI' (YOD)
HOA=CMPLX(CRJOA+ IYOA I JOA-RYOA)
HOD=CMPLX(CRJOD+ IYOD I JOD-RYOD)
F=HOA-HOD
YAL=CABS (F)
VAL=VAL**2
CALL CBESI(KRAPJlAPY1A)
CALL CBESI(KRDPJlDPY1D)
RJIA=REAL(JIA)
IJlA=AIIIAG(JIA)
RYlD=REAL(YID)
IYD=AIIIAG(Y1DV
RJID=REAL(JID)
IJ1D=AIMAG(J1D)
RYID=REAL(YID)

K, I IY1D=AIMAO(YID)
HIA=CMPLX(RJIA+IYIAP IJlA-RYIA)
HlD=CMPLX(RJID+IY1D,+IJiD-RYID)
GR1=-HlA*( -CMPLX(C ZP'-AZ )*AA/KR)
GR1=6R1-HID*(-CMPLX(BZP-AZ)*AA*M/KR)
OR2=GR1*(0.0,-1 .0)
GRA1=GR1*CONJO(F)+CONJG(GRi )*F
GRA2=GR2*CONJG (F) +CONJI3 C R2 )*F
GRAD( 1)=REAL(GRAI)
GRAD(2)=REAL(GRA2)
RETURN

END

4.1
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Output Sample for Progra-, No. 4

D/A= 10

D IS z .1000

REAL KZ IS 3 -12.3694 IMAG KZ IS 6817698

THE CURRENT IS 6 0.13376462E-03

CUR/TEM IS: 0,36961400E-01

D IS .2000

REAL KZ IS 3 -6.2624 IMAG KZ IS .33.6657

THE CURRENT IS 3 0#27066794E-'03
CUR/TEM IS: 0.74790076E-01

P IS 3 ,3000

REAL KZ IS S -4.2655 IMAG KZ IS 1 2'1.9671

THE CURRENT IS O 0.4i419069E-03

CUR/TEM ISO, 0*11444781E+0-

D IS 3 .4000

REAL KZ IS 6 -3.3017 IMAG KZ IS t 15*9635

THE CURRENT IS 3 0.56857456E--03

CUR/TEM IS: 0,15710665E+00

]) IS "'3000

REAL KZ IS t -.-2.7587 IMAG KZ IS 3 ,2.2276

THE CURRENT IS 0 0.73941571E-03

CUR/TEM IS, 0,20431292E+00

iD IS 3 .6000

REAL KZ IS t -2.4367 IMAG KZ IS' 9,6135

THE CURRENT IS 3 0,93456462E'-03

CUR/TEM IS; 0,25823583E+00
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Program No. 5

C
C THE PURPOSES- OF: THIS PRROGRM AREI
C .1) TO FIND THE 'RkAL AND IMAGINARY PARTS OF THE R-DIRECTED

'nC AND li-IDIRECTIED WAVE'NUNDERStASSOCIATED WITH THE HIGHE
C ORDER EVEN.LEAKY 14ODES INTHE CASE OF VOLT EXCXTATION
.C 2),T0 CALCULATE THE CONTRIBUTION: OF EACH MODE TO TH4E TOTAL
-c -CURRENT.
C THE PROGRAM VARICS THE RATIO-OD/AO*WHILE KEEPING
C THE DISTANCE BETWEEN THE WIRES-bD8 CONSTANT
C

COMMON KRPAAPNDR:AR
..COMIPLEX KR~rKZP'PKRPOwRES
REAL IJO.A ,IJODIJIAPIJlDIYOAiIYOD.IYlAwlIYD
COMPLEX RROOODY~HAIOpI
COMPLEX YlAJIDYlDuOR1.,GR2vHlAHlDFuGRAliGRA2
COMPLEX KRPAPKRPD
REAL KZ(2)PKYKHI
REAL GPRAD(2)
REAL GORAD(2)PCON(2)

C
C DEPARTURE POINT FOR THE SEARCHING IN THE KZ PLANE

C
C START SEARCHING FOR THE ROOTS IN THE KZ PLANE

9. C IF (DR*GT*100) GO TO 8

18 FORMAT(///PlXP'THE INDEX OF THE MODE IS v1l2p//)
C
C THE DISTANCE BETWEEN THE WIRES
C

WRITE (5p80) D
so FORMAT(////PlXp' D IS 'PF6*4u///)
C,
C INITIAL VALUE FOR THE RATIO §D/Ae

41 IF(M*GT*1000) 00 TO 60
OGRAD (1)-C.

* OGRAD(2)m~o
CON (1)- * 50
CON(2)-OG5O
N=2
I -3*1415927

KHnK**2+AR**2-BR**2
DZ-SQRT CO 5*(KHI9GRT C-CKH**2+(C2*AR*DR)**2))))
AZ--AR*DR/DZ
KR-CHPLX (DR -AR)
KZ(1)-DZ
KZ(2)uAZ
AA-1*/M
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CALL FUNCT(M,9KZuVAL.ADWýv

22 IF C R b )2 ;14 4-04424 CO#4(*)ECON(1,/2.
23 KZ(l)nKZC1)+CON(1)

OGRAD (1) GRAD (1)
60 TO 31

27 ~IF (OWRAD(l)), -2929,29
29 KZ(1)WKZI...CON(li;.

31CONTINU.)UO(

32 IF (OGRAD(2)) 33,34,34
..34 CON(2)aCON(2),'i.

Y33 KZ(2)-KZ(2)+CON(2)
OGRAD(2)mGRAD(2)

hr 80 TO 3
37 IF (OGRAD(2)) 38.39P39
318 CON(2)=CON(2)12
39 KZ(2)-KZ(2)-COHC2)

OGRAD(2)-GRAD(2)
GO TO 3

1 CONTINUE
70 A-D/M

KRPAuKRP*A
KRPD-KRP*13
K-2*PI

.KH=K**2+AP**2-BP**2
BZ=SQRT(0.5*CKH+BGRT( (KN**2*C2SApS3P)**2))))
AZ--AP*Dp/BZ
KZP-CMPLX (-BZ AZ)
WRITE(5,yO)*KZP

90 FORMAT(/,IX'IREAL KZ 18 '.PF9o4p* INAS KZ 18 :'.FV*4)
CALL CDE9I(KRPAPJlAYlA)
CALL COESI CKRPDPJlD.YlD)
RJlAuREAL (JIA)
lJ1AuAIMAG ( JA)
RYlD=REAL(YID)
lYlD'AIMAG(ylD)
RJlO-REAL(JID)
IJ10-AIMAGCJlD)
kYlD-REAL(Yl0)
IYlDwAIMAO(YlD)
HlA-CMPLX(RJlA+lY1A, IjlA-RYJA)
H1DnCMPLX (ftJl+IY1D, +IJID-RYlD)

F c
C THE CONTRIBUTION OF THE LEAKY MODE
C TO THE TOTAL CURRENT NORMALIZED TO THEI C CONTRIBUTIO3N OF THE TEN MODE
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RESu4*/377*F ~RESO RES*(Oe 1)*K/KRP/KZP/(A*HIA+D*HID)
ARSUCASS (RES)
WRITE15P40) ARS

40 FORMATC/PlXP'THE CURRENT 18 t',EIS.U)

RAT*ARS*377 * ALO ( T) /PI
WRITE(5oi47) RAT

47 FORMAT(/plXr'THE CUR/TEN IS I',E15,S)

C

M-M+i
00 TO 41

C60 CONTINUE

C CHANGING THE DEPARTURE POINT IN ORDER TO
C START THE-SEARCHING FOR THE CONSECUTIVE-ROOT]

BR*BR+52
60 TO 91

8 CONTINUE
STOP
END)

C
C THE SUBROUTINE CDESO CALCULATES THE ZERO ORDER BESSELLIC FUNCTIONS FOR A GIVEN-INPUT VARIABLE Z
C

SUBROUTINE CBESO(ZPBSJOPBSY0)
COMPLEX ZvBSJ0pBSY~pYpUpP0vF~rCEXP
COMPLEX CCOSPCSINPCSQRTvCLOGSPOvSQOGOCSSNSPlSC1
P1=3*141593
A=CABS(Z)
BSJOo(1.'0.)
IF(A.EG.0.) GO TO 2
IF(A*GTo3*) GO TO 1
Y=Z*Z/9.
BSJO1 .+Y*(-2.2499997+Y*( 1 2656208+Y*(-,3163866

1+Y*( .0444479+Y*(-.0039444+Y*.00021)))))
GO TO 2

1 W=3./Z
FO=.*79788456+bI*( - 00000077+J* (- ,0055274+I'*(- .00009512

1+U*( ,00137237+W*(-.00072905+W*,00014476)))))
P0= .78539816+W*( .04166397+11* C 00003954+b1*(- *00262573

1+bI*( .00054125+b1*( .00029333-U*.00013558)))))
BSJO=FO*CCOS(CZ-PO )/CSORT (Z)

2 CONTINUE
BSY0=(-1 .E30,O)
IFCA*EGO.) GO TO 3
IFCA#GT*3.) GO TO 4
BSYQ * 63661977*CLOG( *5*Z )*BSJO+.*36746691+Y*(,*60559366
1+Y*(-.74350384+Y*( .25300117+Y*(-.04261214+Y*( .00427916
2-Y*o00024846)))))

GO TO 3
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t-A

4 CONTINUE
9SYO-FOSCSIN CZ-PO ./CSQRT (Z)

3 CONTINUE
RETURN

END

C THE SUBROUTINE CBES1 CALCULATES THE FIRST ORDER BESSEL
C FUNCTIONS FOR A GIVEN INPUT VARIABLE Z
C

SUBROUTINE CBE9i CZPBSJ1,BSY1)
I COMPLEX ZPDSJIPBSY~IYPWP.PeFlPCEXP

COMPLEX CCOSPCSORTPCLOGeC8IN.SP1'SQluO1oFvCSe5N.SP2.SQ2
P1-3.141593
A-CADS(Z)
DSJI-06
IF(A*EQOo) GO TO 2
IF(A*GT*3.) 0O TO 1
YmZ*Z/96
BSJ1-Z*( .5+Y*(- .56249995+Y*(6*21093573+Y*( - 03954299

1+Y*( .00443319+Y*(-*00031761+Y**00001109))))))

60 TO 2

DSY1=-.35619449+Y*(.*2491209+Y*(2.10065209+Y*(-16318827
1+Y*( 3120739i+Y*(-.040079764+Y*002797))) )) )/

4 BSY1-F1*CCS(NZ-P1)/CSORT(Z)
2 CONTINUE

RETURNE3p0

C 0 TO MIIIEADIS3AIN

C

SUBROUTINE FUNCT (NvKZ vVALPGRAD)
COMMON KRPAAPMPBRPAR
DIMENSION GRAD(2)
REAL KZ(2)PKPKH
REAL IJOA PIJODvIJ1AIJ1DPIY0AIYODIY1AvIYID
COMPLEX KRvKRAPKRDPJOAPYOAuJODPYODPH0APHODPJIA
COMPLEX Y1APJ1DY1DvGRlpGR2iH1AtH1DvFe6RA1iGRA2
DZ=KZ(1)
AZ=KZ(2)
P1-3*1415927
K=2*PIl
KH-K**2+AZ**2-DZ**2
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DR=SGRTCO.5*(KH+SORI( (KH**2+C2*AZ*32)**2) )))
ARe-AZ*D2/BR
KRmCMPLX(DRP-AR)
KRA*KR*AA
KRDaKRi%*M
CALL COESO(KftAPJOAmYOA)
CALL C3EUO CKRD iJOD, YOD)
RJOA=REAL (JOA)
ZJOA=AXIMAG(CJOA)
RYOA.REAL (YOA)
I YOAnAIMAO(CYOA)
RJODwREAL (JOD)

F 1JODuAIMAG(CJOD)H RYOD-REAL(YOD)
1YODwAIMAO(YOD)
HOAOCMPLX (RJOA+ IYOA I JOA-RYOA)
HODOCMPLX (RJOD+ZYOD, IJOD-RYOD)
F-HOA+HOD
VALwCADS (F
VALwVAL**2
CALL CDES1(KRAiJlAiY1A)
CALL CDES1(KRDPJlDtYlD)
RJlA-REALtJiA)
IJlAnAfIMAG(JlA)

H1YInIA-CPL(RJA+YADAR)A
H1-NPXR1DI1D+JD-RYID)lD

GR1=-HlA*(-CMPLX(BZP-AZ)*AA/KR)
GR1=GRl-H1D*( -CMPLX(BZ, -AZ)*AA*M/KR)
13R2-GR1*CO*Op-1 .0)
GRA1-GR1*CONJG(F)+CDNJG(GR1 )*F
GRA2-OR2*CONJO(F)+CONJI3CGR2)*F
ORAD(l1)-REAL(GRAl)
GRAD(2)-REAL(GRA2)
RETURN
END
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Output Supple for Progrmn No. 5

D IS 2 0000

D/A~ 10

REAL KZ IS I -6.0968 IMAG KZ IS 1 0,1582

THE CURRENT IS : 0,23093203E-02

THE CUR/TEN IS : 0,63810379E+00

D/A= 11

REAL KZ IS : -6.1045 IMAG KZ IS 1 0.1595

THE CURRENT IS t 0.22558292E-02

THE CUR/TEN IS : 0.64912435E+00

D/A 12

REAL KZ IS t -6.1111 IMAG KZ IS t 0.1605

THE CURRENT IS 3 0,221115?9E-02

THE CUR/TEN IS : 0.65935864E+00

D/A = 13 i

REAL KZ IS 3 -6.1169 IMAG KZ IS 3 0.1616

THE CURRENT IS 3 0,21676725E-02

THE CUR/TEN IS 3 0.66721214E+00

D/A= 14

REAL KZ IS --6.1220 IMAG KZ IS 1 0.1626

K THE CURRENT IS : 0,21300598E-02

THE CUR/TEN IS I 0,67457789E+00

D/A 15

REAL KZ IS : 6.1265 IMAG KZ IS 1 0.1636

THE CURRENT IS % O,20939744E-02

THE CUR/TEN IS I 0.68048655E+00
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Program No. 6

C THE PURPOSES OF THIS PROGRAM..ARE,:
C 1) TO FIND THE REAL AND IMAGINARY PARTS OF THE R-DIRECTED
C AND Z!-DIRECTED WAVE NUMBERS#ASSOCIATED WITH THE HIGHER
C ORDER ODD LEAKY MODES IN THE CASE OF VOLT EXCITATION

C 2) TO CALCULATE THE CONTRIBUTION OF EACH MODE TO THE TOTAL

C CRET
C THE PROGRAM VARIES THE RATIO-'D/A*PWHILE KEEPING
C THE DISTANCE BETWEEN THE WIRES-6D6 CONSTANT I

COMMON KRPAAPMPBRiAR

COMPLEX KRYKZPYKRPYRES
REAL IJCA ,IJ0DvIJ1APIJ1DPIY0AuIY0DPIYlAvIY1D
COMPLEX KRAKRDv~j0APY0AJ0IDY0DPN0AH0DuJ1A
COMPLEX Y1AJ10vY1DvORlvGR2pH1AiH1DvFpGRA1PGRA2
C2OMPLEX KRPAIIKRPD
REAL KZ(2),KtKH
REAL GRAD(2)
REAL OGRAD(2)tCON(2)

C
C DEPARTURE POINT FOR THE SEARCHING IN THE KZ PLANE
C

BR1.#
AR--2*

C

9 IF~ (BR#GT*100) GO TO8

is WFRIATE(//id)IX' INDEX OF THE MODE IS 'P12p//)

C THE DISTANCE BETWEEN THE WIRES
C

D=2#0
WRITE (5,60) D

930 FORIIAT(////PlXv' D IS 'PF6*4p///)
C

AC INITIAL VALUE FOR THE RATIO OD/Al
C

M= 10
4J IF(M*GT#1000) 0O TO 60

OGRAD(1)=0,
OGRAD(2)=O#
CON( 1)=0.50
CC4I(2)in0s50
N=2
P1U3 *1415927
K=2*PI
KHmK**2+AR**2-BR**2
8-=SQR'e.0.5*(KH+SQRT( ýa(I**2+(2*AR*BR)**2))))
AZ=-AR*Bk/BZ
KRwCMPLX(BRv-AR)
KZ(1 )mDZ

KZ(2)=AZii ~AAw1./M I



WRITE (5P19) N
19 FORMAT(//PlXP'D/A in*P14)

3 CALL FUt4CT(-NuKZPVALiB%,.D)
ZF(VAL*LT*O*1E-5) GO TO 1
IF (GRAD(1)) 22P27#27

22 IF (OBRAD(1)) 23v24924
24 CON(1)=CONCI)/2*
23 KZ(1)=KZ(1)+CON(l)

OGRAD (1) UORAD (1)
00 TO 31

27 IF (OGRAD(1)) 28,29.29
28 CONC1)=CON(1)/2
29 KZ(1)-KZ(1)-4COI(1)

OGRAD(1 )=GRADC1)
31 CONTINUEI.. IF (GRAD(2)) 32P37P37
32 IF (CGRAD(2)) 33,34,34
34 CON(2)=CON(2)/2.
33 KZ(2)=KZ(2)+CON(2)

OGRAD(2)=GRAD(2)
0O TO 3

37 IF COGRAD(2)) 38,39r39
38 CON(2)=CON(2)/2
39 KZ(2)=KZ(2)-CON(2)

OGRAD(2)=GRAD(2)I
60 TO 3

1 CONTINUE

70 A=D/M

BP=+BR/DI
KRP-Ct1PLX(C Pi -AP)
KRPA=KRP*A
KRPD=KRP*D
K=2*PI
KH=K**2+AP**2-BP**2
BZ=SQRT(O.5*(KH+SGRT( (,or**2+(2*AP*DP)**2))))
AZ=-AP*BP/BZ
KZP=CMPLX( -BZPAZ)
WRITE(5,90) KZP

90 FORMAT(/P1XP'REAL KZ IS :'YF9*4t' IMAG KZ IS ?'PF9.4)
CALL CBES1(KRPAPJIAPY1A)
CALL CBES1CKRPDvJ1DvY1D)
RJIA=REAL(JIA)
IJiA=AIMAG(JIA)
RYID=REAL( Y1D)
IYlD=AIMAG(YiD)
RJ1D=REAL CJlD)
IJID=AIMAG(JID)
RYlD=REAL(YID)
IYlD=AIMAG(YID)
HIA=CMPLX(RJIA+IY1A. IJlA-RYIA)

'P HID=CMPLX(RJID+IYlD,+IJID-RYI-D)
C
C THE CONTRIBUTION OF THE LEAKY MODE
C TO THE TOTAL CURRENT NORMALIZED TO THE
C CONTRIF-UT'1IN OF THE TEM MODE



C RES-4*/377.

RES=, RES*(O, 1)*K/KRP/KZP/(A*HlA+D*H1D)
ARS-CADS (RES)

WRITE(5u40) AMS
40 FGRMAT(/plXr'THE CURRENT IS :'rEI5*8s

T-M
RAT=ARS*377#**ALOG CT) /PIF' URITE(5u47) RAT

47 FORMAT(/plXp'THE CUR/TEN IS **'PE15*B)

LC CHANGING THE RATIO *D/Aa
C

M=M+1
GO TO 41

F;60 CONTINUE
CLiC CHANGING THE DEPARTURE POINT IN ORDER TO
c START THE SEARCHING FOR THE CONSECUTIVE ROOT

C
I=I+1
BRDBR+5
GO TO 9

8 CONTINUE
STOP

END

C THE SUBROUTINE CBESO CALCULATES THE ZERO ORDER BESSEL

CC FUNCTIONS FOR A GIVEN INPUT VARIABLE COPEZpS~BYt1P~0CX

SUBROUTINE CBESO CZ uBSJO v SYO)

COMPLEX CCOSPCSINPCSQRTYCLOGSPOvSGOPOvQCSPSNvSP1 ,SQI

1 PI=3*141593
A=CABS(Z)
BSJO=(1. p0.)

4IF(AsEQ*0.) 00 TO 2
IF(A,GT.3.) GO TO 1
Y=Z*Z/9,
BSJO1 ,+Y*(-2.2499997+Y*C1 .2656208+Y*(-.31638666
1+Y*( ,0444479+Y*(-.0039444+Y*.00021)))))
00 TO 2

1 W=3./Z
F0=. 79786456+W* C- *00000077+W*(C-6.0055274+kJ* - .00009512
1+W*( .00137237+W*(-,00072805+W*.00014476)))))
PO=.78539816+W*( .04166397+W*( .00003954+W*(-.00262573

1+W*( .00054125+W*( .00029333-W*.00013558)))))
BSJO=FO*CCOS(CZ-PO) /CSORT (Z)

2 CONTINUE
BSY0=(-j .E30v0)
IF(A*EQ*0.) 0O TO 3
IF(A&GT.3#) GO TO 4
BSY0=.63661977*CLOG( .5*Z)*BSJO+.36746691+Y*C .60559366
1+Y*(- .74350384+Y* C 25300117+Y*(-, 04261214+Y*( .00427916

.k 2-Y*400024846)))))
0O TO 3 7



4 CONTINUE
DSYO=FO*CSIN (Z-PO )/CSORT (Z)

3 CONTINUE
RETURN

END

c THE SUBROUTINE CDES1 CALCULATES THE FIRST ORDER BESSEL
C FUNCTIONS FOR A GIVEN INPUT VARIABLE Z
C

SUBROUTINE CDES1(ZPBSJIDSY1)
COMPLEX ZPBSJlPBSY19YPWPP1,FlPCEXP
COMPLEX CCOSPCSORTPCLOGPCSINuPS~lSQleQlFvCSPSNvSP2vSQ2
P1=3*141593
A-CABS(Z)
BSJ1=0.
IF(A.EG.0,) 60 TO 2
IF(A.13T*3*) 6O TO 1
Y=Z*Z/9.
BSJ1=Z*( .5+Y*C-.56249985+Y*( .21093573+Y*(- .03954289

1+Y*C .00443319+Y*(-.00031761+Y*.00001109))))))I 0O TO 2
1 W=f36/Z

F1= .79788456+bD*( .00000156+bI* C 01659667+W*( .00017105
1+Ir*(-.00249511*W*C .00113653-W*600020033)))))I
P1=2.35619449+W*(-.12499612+W*(-.00005650+W*( .00637879
1+W* C-.*00074348+W*(- .00079924+W* .00029166)))))
BSJ1=Fl*CCOS(Z-P1 )/CSGRT(Z)

2 CONTINUE

DSY1=C-1 .E30O0)I

BSYI=(-.63661977+Y*( .2212091+Y*(2.16e2709+Y*(-1.3164B27
1+Y*( ,3123951+Y*(- .0400976+Y*.0027873,)) ) ))/Z
2+ *63661977*CLOO( .5*Z)*BSJI T
G0 TO 3

4 BSYI=F1*CSIN(Z-P1)/CSORT(Z)
3 CONTINUE

RETURN
END

C
*C THE SUBROUTINE FUNCT CALCULATES FOR EACH VECTOR K'Z

(1 THE VALUE OF THE FUNCTIONAL WHICH WE TRY
c TO MINIMIZE AND ITS GRADIENT
C

SUBROUT INE FUNCT (NtKZ vVAL pGRAD)

COMMON KRPAAPMPBRAR
DIMENSION GRAD(2)
REAL KZ(2),KKH
REAL IJOA PIJODIJ1AIJ1Du!YOAIYODIY1AIYID
COMPLEX KRKAKDJAYAJOPOPOPOYI
COMPLEX YlPIPIPRPRpltlppRIGA
BZ=KZ( 1)
AZ=KZ(2)
PI=3,141592?

K=2*PII KH=K**2+AZ**2-BZ**2
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BR-SORT (0 *3*(KH+$GRT( (KH**2+ (2*AZ*BZ)**2) )))
AR--AZ*BZ/BR
KRf-CMPLX (DRP-AR)
KRA-KR*AA
KRDPKRA*M
CALL CBESO(KR.AJOAPYOA)
CALL C3ESO-(KRDv.JODPYOD)
RJOA-REAL C JOA )
IJOA=AIMAG(JOA)
RYOA=REAL(YOA)
IYOA=AIMAG(YOA)
RJOD=REAL(CJOD)
X JOD=AINAG(CJOD)
RYOD=REAL(CYOD)
IYOD=AIMAG CYOD)
HOA=CNPLX (RJOA+ IYOAPvI JOA-RYOA)
HOD=CMPLX (RJOD+IYODv IJOD-RYOD)
F=HOA-HOD
VAL=CABS (F)
VAL=VAL**2
CALL CDES1(KRAPJ1AiYlA)
CALL CBES1(KRDPJ1DvY1D)
RJIA=REAL(JIA)
IJIA-AIMAG(JlA)

4 ~RY1D-REAL CYD)
IY1D=AIIIAG(YID)
RJ1D=REAL (JiD)
IJlD=AIMAG(JlD)
RYlD-REALCYlD)
IY1D=AIMAG(YlD)
H1A=CMPLX(RJ1A+IY1Av IJlA-RYlA)
HlD-CMPLX(RJ1D+IY1Dr +IJlD-RYlD)
GR1=-H1A* (-CIIPLX(CBZ ,-AZ) *AA/KR)
GR1=GR1-HID*( -CMPLXC DZ,-AZ) *AA*M/KR)
GR2=GR1*C0O#r-1.O)
ORA1=GR1*CONJO(F)+CONJG(GR1 )*F
GRA2=GR2*CONJG (F) +CONJG C ER2 )*F
ORADC 1)=REAL(E3RAl)
GRAD(2)=REAL(GRA2)
RETURN
END
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Output Sample for Program No. 6

D IS 2*0000

tD/A 10

REAL KZ IS : .-.5o3197 IMAG KZ IS : 0,3963

THE CURRENT IS : 0,17374900E-02

THE CUR/TEM IS 0.,48009754E+00

D/A = 11

REAL KZ IS --...53473 IMAG KZ IS : 0.3998

"THE CURRENT IS : 0.16872877E-02

THE CUR/TEM IS : 0.48552414E+00

D/A 12

REAL KZ IS ---5,3704 IMAG KZ IS : 0.4036

THE CURRENT IS t 0#16398675E-02

THE CUR/TEM IS : 0.48900164E+00

D/A = 13

REAL KZ IS ...5.3899 IMAG KZ IS : 0.4071

THE CURRENT IS : 015975309E-02

THE CUR/TEN IS : 0.49172189E+00

D/A = 14

REAL KZ IS : -5.4066 IMAG KZ IS : 0.4106

THE CURRENT IS : 0,15589255E.-02

THE CUR/TEM IS : 0,49370289E+00

LD/A = 15

REAL KZ IS : --5,4212 IMAG KZ IS t 0.4135

THE CURRENT IS 0.15255773E.02

THE CUR/TEM IS 0 0.49577245E+00
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